Quantum superresolution in fluorescence microscopy 
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The optical diffraction limit, formulated by Abbe 150 years ago, decades before the dawn of 
quantum mechanics, imposes a bound on imaging resolution in classical optics. Over the last twenty 
years, many theoretical schemes have been presented for overcoming the diffraction barrier in optical 
imaging using quantum properties of light. An experimental realization of sub-diffraction limited 
quantum imaging has, however, remained elusive. Here, we take advantage of non-classical light 
naturally produced in fluorescence microscopy due to photon antibunching, a fundamentally quan- 
tum phenomenon ensuring that fluorophores emit photons one at a time. Using a photon counting 
digital camera, we detect antibunching-induced second and third order intensity correlations and 
perform sub-diffraction limited quantum imaging in a standard wide-field fluorescence microscope. 



During the last decade, quantum-based strategies 
have opened new possibilities in information processing, 
metrology, and imaging. One of the most ambitious en- 
deavors in this field is overcoming the diffraction barrier 
in optical imaging by employing quantum states of light. 

The diffraction limit restricts the resolution of opti- 
cal microscopes to approximately half the wavelength 
of light. Abbe's description of the imaging system[T] 
is based on the laws of classical linear optics, applied 
to stationary objects. Correspondingly, there are three 
loopholes in the argument, concerning the linearity, sta- 
tionarity, and classicality assumptions. In the last two 
decades, super-resolution imaging methods were devel- 
oped based on nonlinear optical effects such as stim- 
ulated emission^, optical shelving [3 and fluorescence 
saturation [4, 1^. More recently, sub-diffraction limited 
imaging was achieved by another class of microscopy 
methods, making use of non-stationary emission of flu- 
orescent markers caused either by photo- switching [6-8 , 
or by intrinsic brightness fluctuations [9l [10] . 

The remaining loophole for overcoming the diffrac- 
tion barrier, resorting to quantum optics, has received 
a lot of attention in the recent years. It has been 
shown that high order quantum interference patterns 
arising in quantum optics can yield spatial distribu- 
tion of correlations much tighter than classically al- 
lowed. Such fringes have been observed using coincidence 
detection in various settingspTHT3]. It seems tempt- 
ing to use these sharp spatial features to image sub- 
wavelength details of microscopic objects. Several quan- 
tum superresolution schemes have been proposed, utiliz- 
ing multi-mode squeezed light [ij, an arrangement of sin- 
gle photon emitters [15], or generalized quantum states of 
light p!6l [TT] . At the same time, although quantum op- 
tical methods have enabled image entanglement [18] and 
sub-shot noise imaging [19 , as well as quantum optical co- 
herence tomography with improved depth resolution [20 , 
sub-diffraction limited quantum imaging has not yet been 
experimentally demonstrated. 

The common element of most proposed quantum su- 
perresolution schemes is illuminating an absorptive sam- 
ple with a nonclassical state of light. An alternative ap- 



proach, proposed theoretically by Hell et al.[2Tl, relies 
on non-classical properties of light emitted by the sam- 
ple itself, while using regular laser light for illumination. 
It was shown in this work that a hypothetical quantum 
emitter producing photons only in pairs (or groups) can 
be imaged using coincidence detection with a resolution 
increase similar to that attainable in two-photon (multi- 
photon) microscopy. Unfortunately, the technique has 
not been taken up experimentally since no suitable multi- 
photon emitting fluorophore has ever been introduced. 

Here, we extend the idea of multi-photon detection 
put forward by Hell et al. by utilizing fluorophores in 
which emission of more than one photon is suppressed. 
This phenomenon, known as photon antibunching [22 , is 
observed in most common fluorophores, such as organic 
dyes [23] [24] or quantum dots[25, 26 , even under ambi- 
ent conditions. The necessary quantum emitters are thus 
widely used in fluorescence microscopy, a ubiquitous life 
science imaging tool. Due to photon antibunching, in ev- 
ery point of the image plane of a fluorescence microscope 
photon statistics is sub-Poissonian[27 , i.e. the number 
of simultaneous multi-photon detection events is smaller 
in every order than it is for classical light. Quantifying 
the missing N-photon coincidence events gives a signal 
equivalent to N-photon detection signal, narrowing the 
effective point spread function by a factor of \/]V[28]. 
In this work, we detect photon statistics in the image 
plane of a wide-field fluorescence microscope, determine 
the spatial distribution of missing two- and three-photon 
coincidence events, and reconstruct second and third or- 
der superresolved images. 

Our measurement scheme relies on detecting fluores- 
cence intensity correlations. When a perfectly anti- 
bunched quantum emitter is imaged onto a detector ar- 
ray, the single photon it emits following excitation can 
arrive to only one of the detectors. While classically the 
detector readings would be uncorrelated, antibunching 
thus creates negative correlations between them. Impor- 
tantly, contributions to connected correlation functions 
from individual fluorophores are additive, and can there- 
fore be utilized as a local measure of the emitter density, 
thus directly providing superresolved images of the fluo- 
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FIG. 1. Detecting nonclassical correlations in fluorescence microscopy: (a) A schematic of experimental setup used for correla- 
tion imaging, (b) pixel configurations used for 2-point correlation detection (c) pixel configurations used for 3-point correlation 
detection, (d) second order autocorrelation of a signal from a single QD featuring an antibunching dip, (e) two-dimensional 
plot representing third order autocorrelation from the same QD 



rophore spatial distribution. 

Experimental observation of nonclassical intensity 
correlations was carried out using a regular wide- 
field epi-fluorescence microscope shown schematically in 
Fig. [l^ (see Supporting Information for additional de- 
tails). For the proof of principle demonstration of an- 
tibunching imaging, we used test samples consisting of 
CdSe/CdS/ZnS colloidal quantum dots(QDs), commonly 
used as labels in fluorescence microscopy [29j, deposited 
on a glass substrate. The main emission peak of the QDs 
was at 610 nm, and their fluorescence lifetime was 32ns 
(see Supporting Information for further details). Such 
QDs demonstrate strong photon antibunching due to 



Auger interaction between excitons, inhibiting emission 
of more than one photon following photoexcitation[25] . 
These QDs were recently shown to exhibit nearly abso- 
lute photostability under similar conditions [30]. 

To detect photon statistics simultaneously in the en- 
tire fleld of view, we used an electron multiplying charge- 
coupled device (EMCCD) in the photon counting mode 
as a fluorescence detector. The fluorophores were ex- 
cited with 300 ps laser pulses at 532 nm, with pulse en- 
ergy close to saturation. Following emitter relaxation, 
the image was read out and stored in a computer. The 
excitation pulse/image readout sequence was repeated at 
a rate of IkHz. The pixel readings were thresholded to 
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FIG. 2. Fluorescence antibunching imaging: panels a-c show regular fluorescence image, second and third order antibunching 
images. Panels d-f show magnified views of the area indicated by the red square in the images a-c. The graph presented in panel 
g shows a cut of the magnified images along the line indicated in panels d-f. The blue line corresponds to regular fluorescence 
image, the red and green lines represent the second and third order antibunching imaging, respectively. The lines are vertically 
shifted for visibility. All coordinates are given in microns. 



produce maps of photon detection events, neglecting the 
probability of detecting more than one photon per pixel 
in the same excitation cycle. 

Pulsed excitation in combination with image readout 
after every exposure allowed us to detect correlation func- 
tions exhibiting the characteristic antibunching dip at 
zero delay simultaneously for multiple emitters in the 
field of view. A typical signal autocorrelation curve from 
a single emitter is shown in Fig. [l]i. The autocorrelation 
curve represents the sum of cross-correlations of all pixel 
pairs within a small region corresponding to the image 
of the fiuorophore. The horizontal axis shows the dis- 
crete time delay in units of the interval between pulses 
(1 ms). Furthermore, we were able to detect the an- 



tibunching features in the three-point correlation func- 
tion, quantifying the relations between signal values at 
three different points in time. A two-dimensional plot of 
a typical three-point correlation function, depending on 
two discrete delay times ri and r2, is shown in Fig. [l^. 
The plot features depressed lines at ri = 0, at r2 = 
and at ri = r2, which represent the lack of two-photon 
coincidence events. The central datapoint of this plot, at 
^1 = ^2 =0, which is depressed even further, represents 
the missing three-photon coincidence events. The dips 
in the temporal autocorrelation functions represent the 
non-classical signal that we proceed to utilize to produce 
superresolved images. 

To quantify the second order quantum correlations at 
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every point in the image plane with sub-diffraction hm- 
ited resolution, we computed the cross-correlations be- 
tween pairs of neighboring pixels in configurations shown 
in Fig. ^p. The resulting four correlation maps were 
Fourier-interpolated and summed. Similarly, the third 
order quantum images were obtained by computing the 
connected third order cross-correlation for pixel configu- 
rations shown in Fig.[T]3. The details of the data process- 
ing are described in the Supporting Information. 

A typical superresolved image set is shown in Figj2j 
A regular fiuorescence image and the second and third 
order antibunching images of the same area, presented 
in panels (a-c) of Fig. [2j demonstrate consecutive im- 
provement of resolution. The magnified view of a small 
region (panels d-f of Figj2| illustrates the initially unre- 
solved features of QD distribution revealed by antibunch- 
ing imaging. Enhanced resolution is also evident in the 
line scan plotted in Fig.[2|g). Quantitatively, the resolu- 
tion improves from the diffraction-limited 280 nm to 220 
nm in the second order and 180 nm in the third order, 
corresponding to a resolution enhancement by a factor of 
1.55, close to the theoretically expected improvement of 

In addition to improving the transverse resolution, an- 
tibunching imaging has an optical sectioning capability 
similar to that demonstrated by multi-photon excitation 
microscopy. This is illustrated by the out-of-focus im- 
ages of a QD presented in Figjsj A comparison of the 
regular fiuorescent images of Fig. [3]^ a-c) with the cor- 
responding second order antibunching images shown in 
Fig. [3]^ d-f) demonstrates that the antibunching signal de- 
creases faster with defocusing than regular fiuorescence. 
While the regular fiuorescence signal is blurred by de- 
focusing, in transparent medium its integral remains un- 
changed, leading to out-of-focus background in wide-field 
microscopy. In contrast, the second order antibunching 
signal fades away quadratically with defocusing, leading 
to discrimination of the out-of-focus signal. FigjS^ shows 
the integral signal variation as a function of defocusing 
for regular fiuorescence imaging and for the second order 
antibunching signal. 

The superresolved imaging method presented here is 
based on a genuine quantum property of light arising in 
non-resonant fiuorescence. The antibunching signal used 
to produce superresolved images above quantifies the dip 
at zero delay in the intensity correlation functions, which 
has no analog in classical optics. Equivalently, it can 
be thought of as originating from sub-Poissonian photon 
statistics of antibunched light, which cannot be described 
classically either ^31^. 

The antibunching based superresolution imaging 
method presented here is closely related to Superreso- 
lution Optical Fluctuation Imaging (SOFI) [IQ. In both 
approaches, intensity correlations are detected in the im- 
age plane of a fiuorescence microscope and used to pro- 
duce superresolved images. The main difference between 
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FIG. 3. Regular fluorescence and second order antibunching 
imaging dependence on defocusing. Panels a-c show the im- 
ages of a QD with the imaging system focused 360nm below 
the object plane(a), right on it(b), and 360 nm above (c). 
Panels d-f show the corresponding second order antibunch- 
ing images. Panel g shows the total signal, integrated over 
the field of view, as a function of defocusing. The blue line 
represents regular fluorescence, the red line corresponds to 
second order antibunching imaging. While integrated fluores- 
cence signal is almost constant as a function of depth, the 
integrated antibunching signal decays quickly with defocus- 
ing. All coordinates are given in microns. 



the two approaches is the source of the signal fluctua- 
tions recovered via correlations: fiuorophore brightness 
fiuctuations leading to super-Poissonian photon statis- 
tics in SOFI, and antibunched emission resulting in sub- 
Poissonian statistics in case of antibunching microscopy. 
Correspondingly, the SOFI signal is highly dependent 
on the character of emission fiuctuations exhibited by 
the fiuorophores, which varies widely from one species to 
another [32 , while in antibunching imaging the statisti- 
cal properties of signal giving rise to the superresolved 
images are universal, arising from steady emission of fiu- 
orophores with no fiuctuations other than antibunching- 
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modified shot noise. 

Performance of antibunching imaging is limited at 
present by the parameters of the EMCCD used for pho- 
ton detection. The data acquisition rate was limited 
by the image readout speed, while a major contribution 
to noise came from the false photon counts. The rapid 
progress of the photon detector technologies in the recent 
years gives hope that fast and low-noise detectors will be- 
come available in the near future, which will dramatically 
improve the practical prospects of antibunching imaging. 

Although in our setup the sample is uniformly illumi- 
nated, antibunching imaging can be synergetically com- 
bined with patterned excitation microscopy [4 . Indeed, 
correlation signal of order N is proportional to the N-th 
power of the excitation power (assuming non-saturated 
fluorophores) , which, in combination with correlation de- 
tection, can produce images with even higher resolution. 

In summary, we have demonstrated that non-classical 
statistical properties of the photon stream used to cre- 
ate images in fluorescence microscopy can be harnessed 
for sub-diffraction-limited quantum imaging. The exper- 
iment was carried out at room temperature with regular 
QD fluorophores, suggesting that this approach might 
develop into an attractive alternative to existing super- 
resolution microscopy methods in life science imaging. 
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